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The plasmons of ordinary, massive electrons are since a long time basic ingredients of research in plasmonics and in optical metamaterials [1] . Plasmons of massless Dirac electrons were instead recently observed in a purely two-dimensional electron system (2DEG) like graphene [2] , and their properties are promising for new tunable plasmonic metamaterials in the terahertz and the mid-infrared frequency range [3] . Dirac quasi-particles are known to exist also in the two-dimensional electron gas which forms at the surface of topological insulators due to a strong spin-orbit interaction [4] . Therefore, one may look for their collective excitations by using infrared spectroscopy. Here we first report evidence of plasmonic excitations in a topological insulator (Bi 2 Se 3 ), that was engineered in thin micro-ribbon arrays of different width W and period 2W to select suitable values of the plasmon wavevector k. Their lineshape was found to be extremely robust vs. temperature between 6 and 300 K, as one may expect for the excitations of topological carriers. Moreover, by changing W and measuring in the terahertz range the plasmonic frequency ν P vs. k we could show, without using any fitting parameter, that the dispersion curve is in quantitative agreement with that predicted for Dirac plasmons.
A topological insulator (TI) is a quantum electronic material with an insulating gap in the bulk, of spin-orbit origin, and gapless surface states at the interface with the vacuum or another dielectric. The latter states are metallic and associated with massless Dirac quasi-particles [4] [5] [6] . The transport properties of these states, which exhibit chirality, are protected from back-scattering by the time-reversal symmetry and cannot be destroyed or gapped by scattering processes which do not involve magnetic impurities. Since their discovery TI's raised great interest, not only for their outstanding physical properties, like axionic electromagnetic response [7, 8] , and exotic superconductivity [9, 10] , but also for the potential applications in quantum computing [11, 12] , terahertz (THz) detectors [13] and spintronic devices [14] . Like for other compounds, some of these foreseen applications may benefit from the exploitation of the 2DEG collective excitations, namely from plasmonics. Among the 2DEGs, the TI surface states present the advantage that they spontaneously provide a two-dimensional Dirac system from the bulk material, without physically implementing an atomic monolayer like in graphene. Moreover, thanks to the momentum-spin lockage, TI plasmons may potentially preserve the coherence of the electronic states up to room temperature. This would be a major step forward in quantum mechanics applications.
In the 2DEG at the TI surface, collective excitations (plasmons) like those recently detected in graphene [2] are indeed expected to exist. However, they cannot be directly excited by electromagnetic radiation because their dispersion law is such as to prevent the conservation of momentum in the photon absorption process. In other 2D systems, the necessary extra-momentum was provided through a patterning of the surface with a subwavelength grating [2, 15] . Here we have applied this methodology to thin films of Bi 2 Se 3 . They were patterned in form of micro-ribbon arrays of different widths W and periods 2W ( Fig. 1-a,c) . We could thus detect, in the THz range, the optical absorption from collective oscillations of the electrons confined within the TI ribbons, namely, the plasmons of the topological insulator. Their 2D character was confirmed by varying W and measuring the corresponding peak frequency ν P , as the plasmon wavevector is related to W by k π/W [16, 17] . We thus found the expected two-dimensional dispersion law ν P ∝ √ k. Finally, we could assign the plasmon to massless Dirac electrons by observing its robustness against temperature changes from 6 to 300 K and by a comparison with theoretical calculations. Indeed, the experimental dispersion law was exactly reproduced by that of a 2D Dirac plasmon [19, 20] without using any fitting parameter, but just using the experimental values for the Fermi velocity v F , the 2D charge density n D , and the dielectric constant , measured in Bi 2 Se 3 films grown in the same experimental conditions [21, 22] .
Six thin films of Bi 2 Se 3 were grown by Molecular Beam Epitaxy on 0.5 mm thick sapphire substrates (Al 2 O 3 ) [21, 22] . Three out of them had a thickness d = 120 quintuple layers (QL), where 1 QL 1 nm, the other three d = 60 QL. Transport characterization through resistivity and Hall measurements show that both Dirac electrons generated by topology and bulk massive electrons due to band-bending effect [21, 22] participate to the surface conduction. One film was kept as grown for sake of comparison, the other five were patterned by electron-beam lithography and reactive-ion etching in form of parallel ribbons of widths W =2, 2.5, 4, 8, 20 µm, and periods L = 2W . Therefore, the filling factor was 0.5 for all patterned samples ( Fig.1-a, c) .
The transmittance T (ν) of the six films was measured in the THz range by a Fourier-transform interferometer from 6 to 300 K. The corresponding extinction coefficients E(ν) = 1 − T (ν) are reported in Fig 1-b for the as-grown sample and for the patterned films (d, e), once normalized by the respective peak values, both at 6 K (blue lines) and 300 K (red lines). The as-grown film in Fig. 1-b exhibits two peaks at the frequencies already reported for Bi 2 Se 3 single crystals, namely, the α phonon mode at 1.85 THz (61 cm −1 ) and the barely discernible β phonon mode at 4.0 THz (132 cm −1 ) [23] which broaden at 300 K. Phonon lines are superimposed to a Drude absorption, which was mainly attributed to Dirac surface states [24] .
The extinction coefficients of the patterned samples are reported in Fig 1-d for the radiation field parallel to the ribbons. In this case the absorption, and its T -dependence, are very similar to those of the nonpatterned film. This comparison also shows that the patterning procedure did not affect at all the physical properties of the samples (see also Table S1 of the Supplementary Information). Moreover, in Fig. 1 -d one may remark that the phonon frequencies neither appreciably change with W , nor with d. Figure 1 -e shows instead the extinction coefficient for the radiation polarized perpendicularly to the ribbons. As this direction is that of the reciprocal-lattice vectors needed for the energy-momentum conservation in the plasmonic absorption, it is the one where the plasmon can be observed. As one can see, either at 6 K and at 300 K the α phonon is replaced by a double absorption, where both peak frequencies strongly depend on W . We assign these features to the α phonon and to the plasmon of Bi 2 Se 3 , mutually interacting via a Fano interference. This produces a renormalization of both the phonon and the plasmon frequency, with a hardening of the mode at higher frequency and a softening of that at lower frequency, independently of their nature. A similar effect is reported in the literature for doped graphene on SiO 2 [25] . A Fano effect on the weak β phonon line is also observed in the top panel of Fig. 1 -e, as it becomes closer to the plasmon resonance, through an inflection point in E(ν) at the bare phonon frequency (magenta line).
In order to extract from the data in Fig. 1 -e the bare plasmon (ν P ) and phonon (ν ph ) frequency we have fit the experimental data to the following Equation, obtained by Giannini et al. [26] :
The expressions for the renormalized frequency ν which depends on ν ph and for the (Fano) parameter q, that is the ratio between the probability amplitude of exciting a discrete state (phonon) and of exciting a continuum or quasi-continuum state (plasmon), are reported in the Methods section. Γ P is the plasmon linewidth and g is the coupling factor of the radiation with the plasmon. Equation 1 takes into account the frequency separation between the plasmon and the phonon excitations which here changes with W . The above model satisfactorily reproduces the experimental data as shown in Fig. 2 by the black line. The green and red lines describe instead the bare phonon and plasmon contributions, respectively, reconstructed in terms of a Lorentzian shape. As one can see, the bare phonon line does not change with W and its frequency is the same as for the parallel polarization in Fig. 1-d , while the plasmon softens and narrows as W increases. This effect is better shown in the inset of Fig. 2 (bottom panel) where the plasmon linewidth Γ P is shown vs. W at 6 K. Γ P can be assumed to be the sum of the following independent contributions: i) the Drude linewidth obtained by fitting the spectra of Fig. 1-d (see Table S1 in SI); ii) the Landau damping rate, through both the creation of hole-electron pairs, and a phonon-assisted process [18] ; iii) radiative decay into photons; iv) finite size effects [18] . Contribution i) is independent of W and provides the background marked by the black dotted line in the inset. The other effects are expected to increase with increasing plasmon frequency (decreasing W ) and therefore should be responsible for the behavior of Γ P shown in the inset.
The bare plasmon frequencies obtained from the Fano fits are plotted vs. the wavevector k in Fig. 3 and vs. W −1/2 in its inset. The additional point (green diamond) refers to a seventh sample with W =1.8 µm, and period L =4 µm (filling factor 0.45 or L = 2.2W ), whose raw data are reported in Fig. S1 of the SI. Incidentally, the agreement with the dispersion curve of the green diamond with L = 2.2W suggests that small changes in the filling factor do not affect the plasmon absorption whose characteristic frequency is mainly driven by W [2] . As shown in the inset, ν P ∝ W −1/2 , as expected for a 2D plasmonic excitation. In the main panel of the Figure, the same points are plotted vs. k, based on the relation k π/W . Here, the approximation accounts both for a possible depletion in the electron density at the ribbon edges as observed in graphene [18] and for scattering from the edges [18] . As both phenomena affect only a range of tens of nanometers, smaller than our W by two orders of magnitude, the corresponding correction can be neglected. The effective value of k may be also influenced by the excitation of edge modes [16, 17] as those predicted in graphene, but those results cannot be easily transferred to the present material where, for example, the electron mobility is lower by three orders of magnitude than that considered in those calculations. In any case, by assuming k = π/W we find that our points are in good agreement with the dispersion law ν P ∝ √ k predicted by the Equations discussed below and reported by the black dashed line in Fig. 3 .
Once established that the observed plasmon is that of the 2D electron gas at the TI surface, one wonders whether it should be ascribed mainly to the Dirac fermions or to the massive electrons. As we discuss in the following, both qualitative and quantitative arguments support the former assignment. The qualitative argument starts from the observation that the plasmon absorption linewidths in Fig. 1-e are very similar at 6 K and 300 K (see also the Fano fit parameters in Tables S2 and S3 of the SI). This shows that the plasmon absorption is remarkably robust against a variation in temperature by a factor of 50. This would be hard to explain if a major contribution to the absorption were due to collective excitations of conventional electrons. Due to the momentum-spin lockage, the Dirac quasiparticles in TI's are instead virtually unaffected by the scattering mechanisms -except for those with magnetic impurities (here absent) -and therefore by their temperature dependence. Indeed, a weak broadening of TI's states with temperature has been observed in Bi 2 Se 3 by AngleResolved Photoemission Spectroscopy [27] , consistently with the present results, even if the electron-phonon interaction is reported to be strong [28] . This suggests that the TIs Dirac electrons are protected not only from impurity scattering but also from scattering by phonons. One may therefore speculate that the weak temperature dependence of the plasmon linewidth is related to the topological protection of the electrons. The infrared absorption of "massive" plasmons in 2D electron gases was reported only below rather low temperatures [15] because the electron-phonon scattering is their main decay channel [29, 30] . Those temperatures, moreover, decrease as the leading longitudinal optical phonon frequency ω LO decreases: they are close to that of liquid nitrogen in GaN heterostructures with ω LO = 92 meV [31] , to that of liquid helium in GaAs heterostructures with ω LO = 36 meV [32] . As in Bi 2 Se 3 ω LO ∼ 19 meV [33] , therein we should expect the linewidth of 2D massive plasmons being so large that their absorption is confused in the background, even at the lowest T (6 K). A robustness vs. temperature of the plasmonic excitations was found also in graphene [2] , where Dirac-plasmon absorption peaks were observed at 300 K. Therein, however, one has a much higher ω LO = 137 meV.
The quantitative argument for the assignment of the plasmon peaks in Fig. 2 to Dirac quasiparticles proceeds as follows. In TI thin films, the 2D free-electron layers at the TI-substrate and at the TI-vacuum interfaces interact through an effective Coulomb potential [19, 20] . This mechanism, if one neglects interlayer tunneling, leads to the appearance of two longitudinal collective excitations, i. e. an optical plasmon (with ν P ∝ √ k), and an acoustic plasmon (with ν P ∝ k) [19, 20] . The acoustic mode has been estimated [19] to be degenerate with the continuum, i. e., to be strongly Landau-damped [34] and, then, unobservable. Therefore, the THz spectrum of TI's should be characterized by a single optical mode to which, in principle, would participate both massive and Dirac fermions. In the long wavelength limit k → 0, the dispersion laws of Dirac and massive plasmons can be written, respectively [19, 20] ,
and
where the spin (g s ) and the valley (g v ) degeneracies are both equal to 1 [19] . Moreover, in Bi 2 Se 3 thin films grown in the same conditions as the present ones, n M = 7.5 ± 3.5 × 10 12 cm −2 , n D = 3 ± 1 × 10 13 cm −2 , v F = 6 ± 1 × 10 7 cm/s [35] , and the effective mass of the parabolic bulk band is m * = 0.15±0.01 m e [21, 22] . Neither Eq. 2 nor Eq. 3 contain the film thickness or the bulk dielectric function. They instead depend on the average =( 1 + 2 )/2 between the dielectric function of a vacuum ( 1 = 1) and that of the substrate ( 2 ∼ 10). The theoretical Dirac and massive plasmon dispersions were calculated by Eqs. 2 and 3 at the selected wavevectors k = π/W by using for n D , v F (Dirac), n M and m * (massive) their central experimental values reported above. The results are compared with the experimental data reported by dots in Fig. 3 . Therein, the dashed black curve is the dispersion predicted for a Dirac plasmon in Bi 2 Se 3 , the dotted blue line that of massive particles. The much better agreement with data of the Dirac plasmon dispersion with respect to the "massive" one, obtained without using free parameters, strongly supports the above qualitative argument, namely that the plasmonic excitations observed in this experiment must be ascribed to Dirac topological carriers.
In conclusion, we have reported the first observation of Dirac plasmon resonances in thin films of Bi 2 Se 3 . We have shown, based on both qualitative arguments and the comparison with theoretical calculations, that those plasmons should be assigned to Dirac quasi-particles at the metallic surface of the topological insulator. The strong Fano-like interference between the Dirac plasmons and the phonons of Bi 2 Se 3 , here observed, opens promising perspectives. Indeed, similar interference effects observed in conventional plasmonic systems between bright (dipole) modes and dark (quadrupole) modes [26] were used to increase the quality factor of resonances. Similar opportunities can be exploited in TI's, for example, to implement novel sensors in the terahertz range. Finally, the plasmon tunability, here engineered through microribbon arrays of different width W and period 2W , can be generalized to produce more complex plasmonic designs in these intriguing topological materials. Extinction coefficient of the as-grown, unpatterned film, at 6 K (blue lines) and 300 K (red lines). c. Optical-microscope images of the five patterned films with different widths W and periods 2W ; the red arrows indicate the direction of radiation polarization, either perpendicular or parallel to the ribbons. The film thickness is reported under the images. d. Extinction coefficient at 6 K (blue lines) and 300 K (red lines) of the five patterned films, with the radiation field parallel to the ribbons. e. Extinction coefficient of the five patterned films, with the radiation polarized perpendicularly to the ribbons, at 6 K (blue lines) and 300 K (red lines). All data are normalized by their respective peak values.
FIG 2:
Search for the bare plasmon frequencies. Normalized extinction coefficient of the five patterned films, with the radiation polarized perpendicularly to the ribbons, at 6 K (circles) and fits to Eq. 1 (black lines). The bare plasmon and phonon contributions, extracted through the fits, are reported by the red and the green line, respectively. The inset in the bottom panel displays the plasmon linewidth Γ P vs. the ribbon width W at 6 K. The dotted line is the Drude contribution extracted from data with polarization parallel to the ribbons, the dashed line is a guide to the eye. Both in the top and bottom panel the bump at 2.6 THz is instrumental and due to a bad compensation of the Mylar beamsplitter absorption. 
METHODS
The high quality Bi 2 Se 3 thin-films were prepared by MBE using the standard two-step growth method developed at Rutgers University [21, 22] . The 10 × 10 mm 2 Al 2 O 3 substrates were first cleaned by heating to 750 o C in an oxygen environment to remove organic surface contamination. The substrates were then cooled to 110 o C, where an initial 3 QL of Bi 2 Se 3 was deposited. This was followed by heating to 220 o C, where the remainder of the film was deposited to attain the target thickness. The Se and Bi flux ratio was kept to be approximately Se/Bi 10/1, to minimize Se vacancies. Once the films were cooled, they were removed from the vacuum chamber, and vacuum-sealed in plastic bags within two minutes, and shipped to the University of Rome.
Bi 2 Se 3 ribbons were fabricated by electron-beam lithography (EBL) and subsequent Reactive Ion Etching (RIE). The Bi 2 Se 3 film was spin-coated with a double layer of electron-sensitive resist polymer PMMA (Poly-(methyl methacrylate)) up to a total thickness of 1.4 microns. The ribbon pattern with different W was then written in the resist by EBL. In order to obtain a lithographic pattern with re-alignment precision below 10 nm over a sample area suitable for Terahertz spectroscopy of 10x10 mm 2 , we used an electron beam writer equipped with a XY interferometric stage (Vistec EBPG 5000). The patterned resist served as mask for the removal of Bi 2 Se 3 by RIE at low microwave power of 45 W to prevent heating of the resist mask. Sulfur hexafluoride (SF 6 ) was used as the active reagent. The Bi 2 Se 3 film was etched at a rate of 20 nm/min, which was verified by Atomic Force Microscopy (AFM) after soaking the sample in acetone to remove PMMA. The in-plane edge quality after the RIE process, as inspected by AFM, closely follows that of the resist polymer mask, i.e. edge roughness smaller than 20 nm. The vertical profile of the edge forms an angle of about 45 degrees with the substrate plane, because our RIE process has no preferred etching direction.
The absorption spectra in the Terahertz range were obtained by using a Bruker IFS-66V Michelson interferometer and a liquid-He cooled bolometer. The Bi 2 Se 3 film and a co-planar Al 2 O 3 bare substrate were mounted on the cold finger of a He-flow cryostat and kept at a pressure of about 10 −6 mbar. The radiation was polarized either along, or perpendicular to, the ribbons by a THz polarizer having a degree of polarization > 99.5 %. The extinction coefficient reported in Fig. 2 was obtained from the film transmittance T , defined as the ratio between the intensity transmitted by the thin film and that transmitted by the bare substrate.
The Fano fits were obtained by replacing in Eq. 1 [26] 
the plasmon-coupled phonon linewidth Γ ph (ν) = 2πv
and the Fano factor
Therein, w and g are the coupling factors of the radiation with the phonon and the plasmon, respectively, v measures the phonon-plasmon Fano interaction, and Γ P is the width of the plasmon line, assumed to be Lorentzian.
